Abstract. The response of weaner pigs, grower/finisher pigs, and lactating sows to inclusion levels of solventextracted canola meal up to 250, 300, and 202 g/kg, respectively, was examined in 3 experiments. The average composition of the canola meal used in the experiments was 884 g DM/kg, 376 g CP/kg, 41 g fat/kg, 21.6 g lysine/ kg, 12.4 MJ digestible energy (DE)/kg, and 4.5 µmol glucosinolates/g. In all experiments, canola meal replaced other common protein sources in equal DE and equal lysine diets that were offered ad libitum to pigs. In Expt 1, 49 male pigs were weaned at 19.6 days of age and 6.27 kg liveweight and allocated to 7 diets containing 0-250 g/kg of canola meal for 42 days. Growth rate and voluntary feed intake were not significantly affected by level of canola meal up to 250 g/kg. However, there was a significant linear response in feed conversion ratio (FCR), indicating that as the level of canola meal increased, feed efficiency was improved. In Expt 2, pigs were randomly allocated at about 63 days of age and 24 kg liveweight to 16 group pens, each containing 12 pigs. Four pens were each allocated to one of 4 diets containing 0-300 g/kg canola meal up to slaughter at 140 days of age when pigs were approximately 97 kg liveweight. Canola meal level had no significant effect on growth performance, carcass quality, or weight of the thyroid gland. In Expt 3, 386 mixed parity sows were randomly allocated over a 70-day period to diets containing 0, 101, and 202 g/kg of canola meal that were offered during the lactation period of about 25 days. Average piglet growth between Day 3 and weaning was 244 g/day and was unaffected by inclusion level of canola meal in the sow diet. However, there was a significant positive linear response between sow feed intake and canola meal, which was particularly evident in the sows allocated during the initial period of the experiment when environmental temperatures were hotter. Average feed intake during lactation was 5.08, 5.50, and 5.67 for sows offered 0, 101, and 202 g/kg of canola meal, respectively. In conclusion, solvent-extracted canola meal can be included at levels up to 250, 300, and 202 g/kg in weaner pig, grower/finisher pig, and lactating sow diets, respectively, without adversely affecting the performance of these classes of pigs.
Introduction
New cultivars of canola seed with low erucic acid and glucosinolate levels are being extensively grown in southern Australia. The production of canola seed increased from 264 000 to 2 228 000 t between 1994-95 and 1999-00 in Australia (B. Bell, pers. comm.) . Consequently, there are increased amounts of canola meal available for livestock feeding.
The published maximum safe inclusion levels of canola meal for starter and grower pig diets are 25% and 50%, respectively, of the supplementary protein (Patience and Thacker 1989) . These inclusion levels are based on research, often conducted overseas under different feeding systems with different cultivars than are available in Australia. Recent research showed that growth rate of weaner pigs was depressed by 19% when the inclusion level of Australian expeller-extracted canola meal was increased from 100 to 150 g/kg (B. P. Mullan, pers. comm.) . However, >85% of the canola meal produced in Australia is made using the solvent extraction method (B. Bell, pers. comm.) . Since some antinutritional factors may be reduced by solvent extraction there may be scope to include solventextracted canola meal in pigs' diets at greater levels than expeller-extracted meal.
Locally produced solvent-extracted canola meal, used at relatively high inclusion levels, has the potential to reduce the use of animal protein feeds and to significantly reduce feed costs. Therefore, the present studies were conducted to examine whether higher levels of solvent-extracted canola meal could be used in diets for different classes of pigs.
Materials and methods
The responses of weaner pigs, grower/finishers pigs, and lactating sows to inclusion levels of solvent-extracted canola meal up to 250, 300, and 202 g/kg, respectively, were studied in 3 experiments. The composition of solvent-extracted canola meals used in these studies is shown in Table 1 .
Expt 1 Animals and treatments
Forty-nine male crossbred (Large White × Landrace) pigs were weaned at 19.6 ± 0.2 (mean ± s.e.) days of age and 6.27 ± 0.17 kg liveweight and stratified on a liveweight basis into 7 blocks. Within each block, pigs were randomly allocated to 7 diets (Table 2) containing 0, 50, 75, 100, 150, 200 , and 250 g/kg of canola meal (Table 1 , Batch A) for the subsequent 42 days. The experimental diets (Table 2) were offered ad libitum and were formulated to contain similar amounts of digestible energy (DE) and lysine. The available lysine content of the diet was calculated from estimates of lysine availability for solventextracted canola meal (Van Barneveld 1998) and for other ingredients (SCA 1987) . The ratios of other essential amino acids to lysine were in excess of the ratios suggested by the SCA (1987) and the respective minimum ratios were: methionine, 0.32; methionine and cystine, 0.60; threonine, 0.65; tryptophan, 0.20; isoleucine, 0.64; leucine, 1.38; valine, 0.90; phenylalanine and tyrosine, 1.45; and histidine, 0.50.
Management and measurements
Pigs were housed in individual pens with fully slatted floors in an insulated building. The minimum temperature was maintained at 28°C at the start of the experiment, decreasing to a minimum of 24°C at the end of the experiment. Pigs were weighed on Days 0, 2, 4, 7 postweaning and then every 7 days until Day 42 of the experiment. Feed intakes were also recorded over the same periods.
Expt 2 Animals and treatments
Male crossbred (Large White × Landrace) pigs (n = 192) of approximately 63 days of age were randomly allocated to 16 pens, each containing 12 pigs. Pen was the experimental unit and 4 pens were each randomly allocated 1 of 4 diets (Table 3) containing 0, 100, 200, and 300 g/kg canola meal (Table 1 , Batch A). The grower diets were offered ad libitum for the subsequent 42 days, after which time the respective finisher diets were offered ad libitum for the subsequent 35 days until slaughter (Table 3 ). The diets were formulated to contain similar amounts of DE and lysine. The available lysine content of the diet was calculated from estimates of lysine availability for solvent-extracted canola meal (Van Barneveld 1998) and for other ingredients (SCA 1987) . The ratios of other essential amino acids to lysine were in excess of the ratios suggested by the SCA (1987) and the respective minimum ratios were: methionine, 0.30; methionine and cystine, 0.57; threonine, 0.67; tryptophan, 0.18; isoleucine, 0.57; leucine, 1.31; valine, 0.86; phenylalanine and tyrosine, 1.31; and histidine, 0.50.
Management and measurements
Pigs were housed in group pens and remained in the same pen for the duration of the experiment. All pigs were weighed at the start of the experiment, 42 days later, and finally at 77 days after the start of the experiment. Cumulative feed intake was measured for each pen during both the grower and finisher stages. The day after the final weight was taken, pigs were slaughtered at a commercial abattoir where carcass weight was recorded. In addition, backfat depth was measured 6.5 cm from the midline at the level of the last rib (P2) by Hennessy probe, and thyroid glands were removed from a random sample of at least 2 carcasses from each pen, dissected out, and weighed.
Expt 3 Animals and treatments
Mixed parity (Large White × Landrace) sows (n = 386) were randomly allocated over a 70-day period between 13 January 2000 and 23 March 2000 to 3 dietary treatments upon entry to farrowing crates, which occurred up to 7 days prior to farrowing. The treatments were diets containing 0, 101, and 202 g/kg solvent-extracted canola meal (Table 1, Batch B). The diets (Table 4) were formulated to contain similar amounts of DE and available lysine. The ratios of other essential amino acids to lysine were in excess of those suggested by the SCA (1987). The respective minimum ratios were: methionine, 0.30; methionine and cystine, 0.64; threonine, 0.70; tryptophan, 0.22; isoleucine, 0.76; leucine, 1.21; valine, 0.80; phenylalanine and tyrosine, 1.34; and histidine, 0.36 .
Management and husbandry
Sows received 2.5 kg/day of the appropriate lactation diet upon entry to the farrowing crate until farrowing. After farrowing, feed offered was increased gradually (by approximately 0.5 kg/day) over the first 4-5 days after which time the respective diets were offered ad libitum. The feed intake during lactation was recorded for all sows. Piglets were fostered during the first 2 days after parturition to achieve a litter size of 8-12 piglets. No fostering occurred after this time. Within 2 days of birth, piglets were given an injection of iron and their teeth were clipped. No creep feed was offered, but piglets had access to water. For sows allocated during the first 35 days (n = 163), litters were weighed at birth, on Day 3 (after fostering had been completed), and then at weaning at about 26 days of age. These additional measurements were not taken for sows allocated to the treatments over the final 35 days of the 70-day experimental period. After weaning, the sows were stalled opposite boars and offered a standard lactating sow diet containing 14.0 MJ DE/kg and 155 g lysine/ kg, but no canola meal, ad libitum from weaning to mating. Sows were checked twice daily for signs of oestrus and if they exhibited oestrus, were mated with a boar up to 3 times, at approximately 12-h intervals. Sows that failed to be mated within 21 days of weaning were recorded as anoestrus. Mated sows received a standard gestation diet containing no canola meal after mating and throughout the subsequent gestation. The number of piglets born alive and dead at the subsequent farrowing was recorded.
Metabolism study
The DE content of both samples of canola meal (Table 1) was determined in a metabolism experiment involving 18 male pigs of about 47 kg liveweight. Six pigs were given a basal diet containing (per kg): 964.5 g wheat, 20 g dicalcium phosphate, 11.5 g limestone, 2 g salt, and 2 g mineral vitamin premix. For each sample of canola meal, 6 pigs were also given a test diet in which 400 g/kg of the basal diet was replaced by canola meal. Pigs were given 1.60 kg/day for 14 days and total faecal output was collected daily for the last 5 days of this period. Faeces were weighed, mixed, subsampled, and subsequently freezedried. The gross energy of all diets, freeze-dried faeces samples, and canola meal was determined in an adiabatic bomb calorimeter. The DE content of the 3 diets was calculated and the DE content of each sample of canola meal was determined by difference using the DE content of the basal diet.
Chemical analysis
The amino acid composition of the canola meals was determined by the method of Spackman et al. (1958) on a Waters ion-exchange amino acid analysis column using post-column derivitisation with ninhydrin. Cystine plus cysteine and methionine were determined after oxidation with performic acid as cysteic acid and methionine sulfone (Moore 1963) . Tryptophan was determined by the barium hydroxide hydrolysis procedure of Piombo and Lozano (1980) followed by HPLC with a micro Bondapak C18 column (Delhaye and Landry 1986) , using 5-methyl tryptophan as an internal standard (Nielsen and Hurrell 1985) . Chemical analysis for crude protein, dry matter, ether extract, and crude fibre was undertaken using the methods of AOAC (1984) . Canola meal was also analysed for total glucosinolates (Mailer and Wratten 1985) .
Statistical analyses
For each experiment, data were subjected to analysis of variance (Snedecor and Cochran 1967) for treatment effects in a randomised Table 2 . Composition of experimental diets used in the weaner study of Expt 1 (g/kg air dry diet) The vitamin mineral premix provided the following nutrients (mg/kg air dry diet): retinol 6.4, cholecalciferol 0.083, menadione 0.6, riboflavin, 3.3, α-tocopherol 20, nicotinic acid 16.5, pantothenic acid 5.5, pyridoxine 1.1, choline 1100, cyanocobalamin 0.07, biotin 0.56, folic acid 1.0, iron 88, zinc 55, manganese 22, copper 6.6, cobalt 0.5, iodine 0.22, selenium 0.1. The DE content was determined for the two extreme diets in digestibility studies involving male pigs of about 47 kg liveweight, and calculated for the remaining diets. The DE (± s.e.) for the 0 and 250 g/kg canola meal diets were 14.66 (0.29) and 14.64 (0.19), respectively.
The composition of the diet was calculated for each diet from analysis determined for each ingredient 
Results
The mean (± s.e.) dry matter digestibility and DE content of the basal wheat diet was 83.14 (0.55)% and 13.28 (0.04) MJ/ kg, respectively. The mean (± s.e.) dry matter digestibilities and DE contents of the diets containing 400 g/kg of canola meal A and canola meal B, respectively, were 78.18 (0.47)% and 12.97 (0.09) MJ/kg and 77.37 (0.89)% and 12.85 (0.12) MJ/kg. Therefore, by difference, the estimates of the DE contents of canola meal A and canola meal B were 12.5 and 12.2 MJ/kg, respectively.
Expt 1
There was no significant difference in either growth rate or voluntary feed intake of pigs offered diets containing up to 250 g/kg of canola meal, between 20 and 62 days of age (Table 5) . However, there were significant effects of level of canola meal on feed conversion ratio (FCR) between 20 and 41 days of age and over the whole experimental period between 20 and 62 days of age. During both these periods there was a significant linear response, in that as the level of canola meal increased, feed efficiency also improved (Table 5 ). The linear relationship between FCR, between 20 and 62 days of age, and level of canola meal in the diet (CM, g/kg) was described by the equation: 
Expt 2
There was no significant difference in growth performance when pigs were offered diets containing up to 300 g/kg of canola meal between 24 and 97 kg liveweight (Table 6 ). In addition, inclusion level of canola meal had no effect on any parameter of carcass quality (Table 6 ). However, there was a significant curvilinear relationship between the weight of the thyroid gland and level of canola meal (Table 6) .
Expt 3
There was no significant effect of level of canola meal on the pre-weaning performance of piglets. Litter and average piglet growth rates between 3 and 26 days of age were Table 3 . Composition of experimental diets used in the grower/finisher study of Expt 2 (g/kg air-dry diet) The vitamin mineral premix provided the following nutrients (mg/kg air dry diet): retinol 6.4, cholecalciferol 0.083, menadione 0.6, riboflavin 3.3, α-tocopherol 20, nicotinic acid 16.5, pantothenic acid 5.5, pyridoxine 1.1, choline 1100, cyanocobalamin 0.07, biotin 0.56, folic acid 1.0, iron 88, zinc 55, manganese 22, copper 6.6, cobalt 0.5, iodine 0.22, selenium 0.2. Crude protein and lysine contents for each diet were calculated from analysis for each ingredient, whereas the remaining nutrient content was estimated for each diet from average analysis for each ingredient (SCA 1987 satisfactory and were unaffected by inclusion of canola meal in the sow diet (Table 7) . However, there was a significant linear response to level of canola meal for sow feed intake (Table 7) , which was particularly evident in the sows allocated during the initial 35-day period. Overall, feed intake of sows was less during the initial 35-day period, being 5.24 kg/day for sows allocated between mid January and February, whereas average voluntary feed intake of the remaining sows allocated between late February and late March was 5.97 kg/day. There was no significant difference in subsequent litter size, culling rate or any of the fertility parameters including mating rates (χ² = 0.45, P > 0.10) and farrowing rates (χ² = 0.012, P > 0.10) measured after weaning for sows fed the various levels of canola meal during lactation (Table 8) .
Discussion
These data obtained from 3 experiments with weaner pigs, grower/finisher pigs, and lactating sows indicate that low glucosinolate, solvent-extracted canola meal can be included in pig diets at levels up to 250, 300, and 202 g/kg, respectively, without adversely affecting the performance of these classes of pigs. Baidoo et al. (1987) conducted an extensive series of experiments to determine the nutritive value of canola meal for pigs weaned at 21 or 35 days of age. At both weaning ages, regression analysis indicated that there was a significant linear decrease in both feed intake and growth rate to the extent that feed intake decreased by about 4 g/day and daily gain decreased by 2-4 g/day for each 10 g/kg inclusion of canola meal in the diet up to 260 g/kg. The decrease in growth performance could be directly attributable to the reduction in feed intake, which was in turn suggested to be a response to the level of glucosinolates in the canola meal. The glucosinolate levels reported by Baidoo et al. (1987) were 9.8-10.5 µmol/g oil-free meal, which are considerably higher than the level in the sample of solvent extracted canola meal that we used in Expt 1. In addition, Mullan et al. (2000) reported a 19% depression in growth rate when the inclusion level of expeller-extracted canola meal, containing 10.5 µmol glucosinolates/g oil-free meal, was increased from 100 to 150 g/kg. Mullan et al. (2000) also found that there was a linear decline in feed efficiency as the level of expeller-extracted canola meal was increased from 0 to 200 g/kg and a tendency towards a slower growth rate at the highest level of canola meal. Further evidence of adverse effects of higher levels of canola meal on growth performance of grower/finisher pigs were provided by Corino et al. (1991) and Schone et al. (1996 Schone et al. ( , 1997 . However, the total glucosinolate levels of the canola meal used by Corino et al. (1991) , Schone et al. (1996 Schone et al. ( ,1997 , and Mullan et al. (2000) were 39, 18.5, 30, and 10.5 µmol/g oil-free meal, respectively, which are considerably higher than the level of 4.0 µmol/g air dry of the canola meal used in the present experiments with growing pigs. In support of canola meal with lower levels of glucosinolates being better tolerated by growing pigs, Siljanderrasi et al. (1996) found that canola meal containing only 2.9 µmol/g oil-free meal had no significant effect on growth performance or carcass quality of pigs between 25 and 100 kg liveweight. Degradation of glucosinolates by soaking either rapeseed or rapeseed press cake in water followed by drying at 60°C resulted in better growth performance of pigs consuming the diet containing the treated seed but not cake (Schone et al. 1997) .
That the canola meals used in the present experiments contained relatively low levels of glucosinolates is supported by the observations on thyroid weight of pigs at slaughter at about 20 weeks of age. Mullan et al. (2000) found that thyroid weight increased with increasing levels of canola meal, suggesting a direct effect of glucosinolate on thyroid function. There was a significant quadratic effect of level of canola meal on thyroid weight in our experiment. This Table 4 . Experimental diets offered to sows during lactation in Expt 3 (g/kg air dry diet) The vitamin mineral premix provided the following nutrients (mg/kg of air dry diet): retinol 4.5, riboflavin 3.5, cholecalciferol 0.075, menadione 2, α-tocopherol 60, nicotinic acid 15, pantothenic acid 10, pyridoxine 2, choline 200, cyanocobalamin 0.02, biotin 2.3, folic acid 0.5, iron 80, zinc 75, manganese 40, copper 20, iodine 1.0, selenium 0.3. The composition for each diet was estimated from average analysis for each ingredient (SCA 1987) Level of canola meal (g/kg) 0 observation was unexpected, as any response to increasing canola meal would more likely be a linear increase in thyroid weight. Overall, the range in thyroid weights in our experiment was relatively small and within the range reported by Siljanderassi et al. (1996) , who observed no effect on thyroid weight, of low glucosinolate canola meal when included in diets up to a level of 226 g/kg. Despite the significant quadratic effect, both the weight and variation of thyroid glands were small, indicating that the glucosinolate level of canola meal was relatively low and unlikely to affect thyroid weight and adversely affect growth performance.
Previous recommendations in which rapeseed meal was limited to 30 g/kg of the diet for pregnant and lactating sows (SCA 1987) were based upon the high glucosinolate rapeseed meal that caused reductions in litter size and conception rates. As a consequence of the poor reproductive performance resulting from feeding with the high glucosinolate rapeseed meal, many producers have been reluctant to include the new low glucosinolate varieties of canola meal in diets for their breeding stock. However, these fears appear to be unfounded, at least for the solvent-extracted meal. The results of Expt 3 suggest that up to 202 g/kg of solvent-extracted canola meal n.s., not significant at P = 0.05. can be included in diets for lactating sows without reducing their lactation or subsequent reproductive performance. Canola meal has been readily accepted in diets for sows and gilts both in gestating and lactating periods. Flipot and Dufour (1999) found no difference in reproductive performance between sows fed diets with or without 100 g/ kg of added canola meal. The reproductive performance of gilts through 2 reproductive cycles was not adversely affected by diets containing up to 120 g/kg of low glucosinolate canola meal (Lewis et al. 1978) . The results of a small Australian study by Taverner and Curic (1974) showed that canola meal could be used in diets at levels up to 174 g/kg over 2 parities without affecting sow fertility or fecundity. In summarising the data available at the time for effects of rapeseed on reproductive performance in a wide variety of species, Mawson et al. (1994) concluded that the limiting value above which the fertility of sows may be impaired was 4 µmol total glucosinolates/g diets and 8 mmol of daily intake of these compounds. Diets used in the present studies certainly contained glucosinolates at levels below these limits, whereas the maximum total intakes may have been only approached by some individual sows fed the highest level of canola meal. Furthermore, in our experiment, canola meal was restricted to lactation, which is a relatively short period of the breeding life of sows. The results of Expts 1 and 3 suggest that the nutritive value of canola meal may be under-estimated, particularly with respect to the efficiency of utilisation of the energy component of solvent-extracted canola meal. Based upon the significant relationship observed in Expt 1 between FCR and inclusion level of canola meal, there was a 0.14 unit (or 9%) reduction in FCR in response to canola meal being increased from 0 to 250 g/kg in the weaner diet. The reason for this improvement in FCR is not readily explained as the diets were equal in DE content and the control diet contained 0.8 g available lysine/MJ DE and appropriate ratios of other essential amino acids that were considered adequate for weaner pigs (SCA 1987) . The diets were formulated to contain similar levels of net energy (NE) based upon NRC (1998) estimates of the NE content of ingredient foodstuffs. If the actual NE content of canola meal was 9.0 MJ/kg instead of 6.7 MJ/kg (NRC 1998), the NE content of the highest canola meal diet would be about 7% greater than the control diet, which may account for the observed improvement in feed efficiency. In Expt 3, sows fed diets containing the higher levels of canola meal consumed more of these diets particularly during the early period of the experiment when environmental temperatures were greater. The higher environment temperatures during the initial 5-week allocation of sows to the experiment are likely to have contributed to this lower voluntary feed intake, which again was more evident in the older sows. Canola meal replaced, predominantly, barley and mill mix in the diets, resulting in diets of similar or greater crude fibre contents. However, the observations in Expt 1 suggest that the NE of canola meal is greater than expected and replacement of barley and mill mix with canola meal may have reduced the heat increment in sows, thereby promoting higher feed intake during periods when environment temperatures were higher. Investigations into the efficiency of utilisation of energy in solvent-extracted canola meal warrants further investigation if canola meal is included at high levels in pig diets. The use of canola meal in lactating sow diets during summer and winter may also be worthy of study. The mean digestible energy contents of the two solventextracted canola meals were 12.2 and 12.5 MJ/kg air-dry. Bell (1993) reviewed the estimates of DE of canola meal and found that the DE content ranged from 10.9 to 14.1 MJ/kg for low glucosinolate meals. Thus the values for the DE content of canola meal determined in our experiments were similar and are within the range of literature estimates of low glucosinolate canola meals.
Solvent-extracted canola meal accounts for approximately 85% of the total canola meal produced in Australia. The conclusions from the experiments described in this paper apply to low glucosinolate (<5 µmol/g), solventextracted canola meal. The results of the 3 studies with weaner pigs, grower/finisher pigs, and lactating sows, respectively, indicate that low glucosinolate, solventextracted canola meal could be included at levels up to 250, 300, and 202 g/kg, respectively, without adversely affecting the performance of these classes of pigs. Indeed, there was http://www.publish.csiro.au/journals/ajar some evidence that the performance of weaners and lactating sows was improved as the level of canola meal was increased in their diets.
